1. The metabolism of retinoic acid and retinyl acetate labelled with 14C in various positions was studied after intravenous injection of physiological amounts of these compounds into retinol-deficient rats. 2. Analysis of the resultant radioactivity in the urine, carbon dioxide and faeces led to a postulation of the existence of three major pathways for the metabolism of these two compounds. 3. Evidence is presented that retinoic acid and retinol are metabolized by either the same or at least similar pathways and that retinol becomes oxidized to the carboxyl state before any degradation of the isoprenoid side chain occurs. 4. It is not possible to decide from these data whether retinoic acid is an intermediate in the retinol pathway. 5. Possible sites for the regulation of retinol metabolism are discussed.
Since the discovery of retinol early in this century, much fruitful effort has been expended in the elucidation of the physiological effects of retinol deficiency. On the other hand, surprisingly little is understood about the metabolism of the vitamin molecule itself and the molecular events leading to its action in supporting growth. The discovery by Arens & van Dorp (1946a) (see also Sharman, 1949) of the growth-promoting activity of retinoic acid in retinol-deficient rats opened up the possibility of its involvement in the main pathway of retinol metabolism.
It is known that, though retinol and retinal are readily interconvertible (Wald & Hubbard, 1948-49; Zachman & Olson, 1961; Futterman & Saslaw, 1961) , the conversion of retinal into retinoic acid is enzymically irreversible in vitro (Dmitrovskii, 1961; Futterman, 1962; Elder & Topper, 1962; Mahadevan, Murthy & Ganguly, 1962) . This is borne out by repeated failures to detect any retinol in liver even after massive dosing with retinoic acid (Sharman, 1949; Arens & van Dorp, 1946b;  DeMan, Leeuwen & Roborgh, 1964) and also by the failure of retinoic acid to substitute for retinal in the visual cycle (Dowling & Wald, 1960) . Conversely, most attempts to trap retinoic acid formed as a product of administered retinol or retinal have been unsuccessful (Krishnamurthy, Bieri & Andrews, 1963; Wright, 1960) . But recently it has been shown that large doses of retinal do lead to the production of small amounts of retinoic acid in the tissues (Deshmukh, Malathi & Ganguly, 1965) and in the bile, where a watersoluble conjugate of retinoic acid is found as well (Dunagin, Zachman & Olson, 1964) . These experiments leave little doubt that the necessary enzymes for the conversion of retinol into retinoic acid are present. However, whether or not retinoic acid is an intermediate in the main pathway of retinol metabolism with a high turnover rate or is on a shunt that can in some manner still lead to a compound with 'retinol activity' remains an open question.
The experiments described in the present paper provide evidence that, regardless of whether retinoic acid is on a shunt or directly participates in the main pathway of retinol metabolism, its degradation follows a pathway common to the degradation of retinol, for the overall metabolism of retinyl acetate and retinoic acid have similar patterns.
MATERIALS AND METHODS
Radioactive compound8.
[6,7-14C2]Retinoic acid, [6,7-14C2] Radioactivity of urine. The urine was diluted approximately 1: 1 (v/v) with ethanol and centrifuged to remove any precipitate, which was subsequently found to contain no radioactivity. A sample of the supernatant was counted in the scintillation counter by using a counting solution consisting of 1500ml. of dioxan, 150g. of naphthalene, 7g. of 2-phenyloxazole and 300mg. of 1,4-bis-(5-phenyloxazole-2-yl)benzene (efficiency 45%).
Radioactivity of faeces. The faeces were stored at -17°a nd immediately before combustion were freeze-dried, pulverized and weighed. Duplicate samples (30-80mg.) were weighed into combustion bags, and binder (0-2ml. of 10% sucrose) was added (Kelly, Peets, Gorden & Buyske, 1961) . The samples were dried again and burnt in 02. The C02 was collected in 15ml. of trapping solution and 3ml. samples were counted as described above.
RESULTS
Partitioning of the 14C label among the respiratory carbon dioxide, urine and faeces. Carbon dioxide, urine and faeces samples were collected and measured until it was evident that no more radioactive material was being excreted or until 8 days had passed, whichever occurred first. The average recovery of the dose in each of these fractions is given in Tables 1 and 2 . For the retinoic acid experiments almost all of the original radioactivity was recovered within 2-3 days, whereas for those with retinyl acetate a much longer time was needed. The excretion of radioactivity from the [14C]retinyl acetates continued in an almost linear fashion during the 8-day experimental period (Fig. 2) . For convenience, the 14CO2 excretion was followed for only 2 days in most experiments. To estimate the degree of participation of each of the three excretory routes of 14C derived from retinyl acetate and to compare it with the retinoic acid data, the radioactivity excreted in the faeces, the urine and the carbon dioxide in the 2-day period was calculated as a percentage of the total amount excreted in that period. It is to be expected that a lag must exist between the time of formation of the faecal products and their appearance in the faeces. This lag appeared to be 1 day for the retinyl acetate experiments, since little radioactivity was detected in the faeces during the first 24hr. of the experiment. For this reason the radioactivity found in the faeces 3 days after injection of the retinyl acetate was considered to be a measure of the radioactive products formed in the 2 days after the injection. The data in Table 1 reveal several aspects of the metabolism of retinoic acid. Almost none of the 6,7-14C2 label appeared in the carbon dioxide, but it was found in an approximately 3:2 ratio in the faecal and urinary fractions respectively. With the 14-14C-or 15-14C-labelled compounds, on the other hand, a considerable portion of the radioactivity was recovered in carbon dioxide. With retinyl acetate, again the 6,7-14C2 label appeared in the urinary and faecal fractions and not in the carbon dioxide. However, the 15-14C label was recovered in carbon dioxide, urine and faeces in approximately equal amounts.
Rate of retitnoic acid and retinyl acetate metaboli&m. Radioactive retinoic acid was metabolized quite rapidly (Fig. 1) . The rate was greatest in the period up to 5hr. after injection of the dose. After 2 days, almost all of the dose had been recovered in the three excretory fractions, taking into account the lag in elimination of the faeces. Retinyl acetate, however, was metabolized at a much lower but almost constant rate (Fig. 2) . The rate of retinyl acetate metabolism by retinol-deficient rats was dependent on the dose (Fig. 2) . However, the partitioning of that amount metabolized between urine, carbon dioxide and faeces remained unchanged (Table 2) . Radioactivity from the labelled retinyl acetate continued to be excreted after 8 days, when measurement of the samples was discontinued.
DISCUSSION
The availability of radioactive retinyl acetate and retinoic acid labelled with 14C in different positions made it possible to study the breakdown of these compounds and the excretory routes of the products after metabolism by retinol-deficient rats. The amounts of the compounds used in these experiments approached the minimum daily dose necessary for maximum growth (Zile & DeLuca, 1965) . It was hoped that this procedure would minimize the degradation of the labelled compounds by other pathways that might be unrelated to the growth-supporting function.
On the basis of the present results outlines of at least three pathways for the metabolism of retinoic acid and retinyl acetate can be postulated (Scheme 1). These pathways were developed from the retinoic acid data, but it was found that they could be applied to the retinyl acetate data as well. The extent of the participation of each pathway for both retinyl acetate and retinoic acid is given in Table 3 . In deriving these pathways, the basic assumption was that radioactivity appearing in the faeces and urine from retinoic acid resulted from an intact isoprenoid chain; therefore such a product should also contain an equivalent amount of radioactivity from C-6, C-7 and C-14. On this basis, the percentage of the dose accounted for by the radioactivity from 15-14C-labelled compounds in the urine and faeces was designated pathway I.
Since more [15-14C]-than [14-14C]-retinoic acid was metabolized to 14CO2, some metabolism involved decarboxylation of the terminal carbon atom of the side chain. If the rest of the side chain were left intact, the product should still be 14-14C-and 6,7-14C2-labelled. Because the percentage of the dose appearing in the urine from [15-14C]-retinoic acid was approximately equal to that from the corresponding 14-14C-labelled compound, the product of such a pathway would appear to be excreted in the faeces. Thus pathway II was postulated to involve a decarboxylation of C-15 to yield a product, retaining C-6, C-7 and 0-14, which is excreted in the faeces. In agreement with this postulate, the radioactivity in the carbon dioxide from [15-14C] retinoic acid minus that from the 14-14C-labelled compound equals the faecal 14-14C label minus the faecal 15-14C label, and the faecal 6,7-14C2 label in the urine, a measure of this pathway is obtained.
As might be expected, it is approximately equal to the percentage of the 14-14C label found as 14CO2. Without more data, it cannot be said whether the elimination of C-14 as carbon dioxide operates in sequence with terminal decarboxylation, or whether C-14 and C-15 are cleaved as part of a C2 or larger fragment that is then metabolized to carbon dioxide. In the foregoing discussion the data for the metabolism of retinoic acid have been treated in the simplest possible fashion: the actual metabolic processes are probably more complex.
The calculations discussed above can be represented by the following formulae:
Pathway I = 15-14C in urine (pathway la) and 15-14C in faeces (pathway lb) Pathway II = 15-140 in C02-14-140 in C02 = 14-14C in faeces-15-14C in faeces Pathway III = 14-14C in C02 = 6,7-14C2 in urine-15-140 in urine Other relationships:
6,7-14C2 in faeces = 14-14C in faeces 15-14C in urine = 14-14C in urine
Here, for example, the designation '15-14C in urine' refers to that amount of radioactivity (expressed as percentage of dose) recovered in the urine after administration of [15-14C] retinoic acid. Once derived for retinoic acid, these same formulae were used for retinyl acetate. Here, only data on the 15-14C and 6,7-14C2 labels were available, but the equalities, together with the pathway formulae, made the calculation possible without the 14-14C label. The 14-14C label only adds clarity to pathway III and provides support for pathways I and II. The data for both compounds can be handled by the same formulae, or in other words administration of both compounds results in a 'pathway I' type of metabolism as well as two types of oxidation, the product of one type appearing in the faeces and the other in the urine. This is evidence that the metabolism of the two compounds proceeds along similar or identical routes. Most significant in comparing the metabolism of these two compounds is that about one-third of the administered dose of either retinoic acid or the retinyl acetate is terminally decarboxylated (pathways II and III). For this to occur, the terminal carbon atom of retinol must become oxidized to the carboxyl state before any loss of the carbon atom can occur. Although it might be that the oxidized retinol differs chemically or isomerically from retinoic acid, it nevertheless appears that the metabolism of the side chains might be carried out by the same enzyme systems and that retinol metabolism might proceed through retinoic acid as an intermediate. It remains to be shown, however, whether retinoic acid itself is a normal intermediate in retinol metabolism or whether it feeds into the retinol pathway at some later point.
The metabolism resulting in the retention in the urine and faeces of the radioactivity of C-6, C-7, C-14 and C-15 is of major importance, for it accounts for nearly two-thirds of the metabolism of both retinoic acid and retinyl ester. It has been assumed that this metabolism leaves the isoprenoid side chain intact, for the alternative possibility, that each of the three labelled positions could be on different fragments of the molecule, seems remote. The excretion of the products of such a pathway in the urine and faeces varies somewhat between retinoic acid and retinyl acetate; this might arise from the great difference in their rate of metabolism.
The greater extent of incorporation into faecal products found for retinoic acid might be related to the large initial concentration of retinoic acid derivatives in the bile (Zachman, Dunagin & Olson, 1966) . Products with an intact isoprenoid chain might include retinoyl f-glucuronic acid, which Dunagin, Meadows & Olson (1965) have characterized in the bile of rats treated with retinoic acid.
Another possibility is that retinoic acid and retinyl acetate are eliminated unchanged or as polar conjugates.
It is apparent from these experiments that the rate of metabolism of retinyl acetate is regulated and that it is much lower when smaller doses are given. The dose of retinoic acid is almost entirely metabolized within 48hr., whereas the metabolism of retinol, even at the 1 5,ug. and 2,utg. dosage level, proceeds at a constant rate for 5 days or longer ( Figs. 1 and 2 ). This indicates a control mechanism at a step before the entrance of retinoic acid into the pathway. It is possible that this occurs by feedback control by retinoic acid or some other metabolite, or that it is due merely to a low turnover rate for some enzyme between retinol and retinoic acid.
